Interpretation of the newly observed Σ b (6097) ± and Ξ b (6227) − states as the P-wave bottom baryons The strong decays of the P-wave singly bottom heavy baryons belonging to 6 F are investigated with a constituent quark model in the j-j coupling scheme. The results show that the newly observed Σ b (6097) and Ξ b (6227) states by the LHCb collaboration can be assigned as the λ-mode P-wave bottom baryons belonging to 6 F . Given the heavy quark symmetry, both the Σ b (6097) and Ξ b (6227) states favor the light spin j = 2 states with spin-parity numbers J P = 3/2 − or J P = 5/2 − . More P-wave baryons in the Σ b , Ξ ′ b , and Ω b families are most likely to be observed in future experiments for their relatively narrow width.
Compared with the mass spectrum predicted in various models [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] , it is found that the Ξ b (6227) − and Σ b (6097) ± are good candidates of the λ-mode P-wave bottom baryons belonging to 6 F .
To explain the nature of Ξ b (6227) − and Σ b (6097) ± , recently the strong decays of the excited singly bottom states were studied with the 3 P 0 model in Ref. [14, 15] . The results indicate that Ξ b (6227) − and Σ b (6097) ± may be good candidates of the P-wave states with J P = 3/2 − or J P = 5/2 − in the j-j coupling scheme. In Ref. [16] , we studied the strong decays of the singly bottom baryons within the chiral quark model in the L-S coupling scheme. Comparing the predictions with the observations, one can find that both Ξ b (6227) and Σ b (6097) could be assigned as the P-wave states with J P = 3/2 − or ′ b states predicted within the j-j coupling scheme are different from those predicted within the L-S coupling scheme.
We have noted that for the singly heavy baryons there may exist some effects of heavy quark symmetry, which was not carefully considered in our previous work [16] . To approximately preserve the heavy quark symmetry with the finite heavy quark masses, the physical states may be closer to the j-j coupling basis. In this coupling scheme, the states are mixed states between the states of the L-S coupling scheme with the same spin-parity (J P ) numbers. It is interesting to find that the newly observed state Ω c (3000) at LHCb [17] may be explained as a J P = 1/2 − resonance via a | 2 P 1/2 -| 4 P 1/2 mixing [18] . This may be evidence that the physical states of singly heavy baryons more favor the j-j coupling scheme. In another word, the configuration mixing effects between the singly heavy baryon states with the same J P should be considered if one adopts the L-S coupling scheme.
In this work, considering the requirements of the heavy quark symmetry we study the strong decay behaviors of the λ-mode P-wave bottom baryons Σ b , Ξ ′ b and Ω b in the j-j coupling scheme with the chiral quark model. In this coupling scheme, the states with light spin j = 0 and j = 1 cannot decay into some special final states, which shows selection rules. The decay modes together with the predicted total widths suggest that both the Ξ b (6227) − and Σ b (6097) ± are good candidates of light spin j = 2 states, while the J P = 3/2 − and J P = 5/2 − cannot be distinguished due to lack of data. The predicted narrow widths of other flavor symmetric partners can provide helpful information for future experiments. This paper is organized as follows. The spectrum and notations are presented in Sec. II. The chiral quark model is briefly introduced in Sec. III. The strong decays of the λ-mode Pwave Σ b , Ξ ′ b and Ω b are estimated in Sec. IV. A short summary is presented in the last section.
II. SPECTROSCOPY
The heavy baryon containing a heavy quark violates the SU(4) symmetry. However, the SU(3) symmetry between the other two light quarks (u, d, or s) is approximately kept. Ac-cording to the symmetry, the heavy baryons containing a single heavy quark belong to two different SU(3) flavor representations: the symmetric sextet 6 F and antisymmetric antitriplet 3 F [16] . For example, the Σ
and Ω b form a 6 F representation, while Λ b and Ξ 0,− b form a3 F representation. In the L-S coupling scheme, the quark model states are constructed by [8] 
where ℓ ρ and ℓ λ correspond to the eigenvalues of the orbital angular momenta ℓ ρ and ℓ λ for the ρ and λ oscillators, respectively, and L stands for the eigenvalue of the total orbital angular momentum L = ℓ ρ + ℓ λ [18, 25] . The parity of a state is determined by P = (−1) ℓ ρ +ℓ λ . Quantum numbers s ρ and s Q correspond to the eigenvalues of the total spin of the two light quarks s ρ and the spin of the heavy quark s Q , respectively, while S stands for the eigenvalue of the total spin angular momentum S = s ρ + s Q . According to the quark model classification, there are five λ-mode 1P-wave states belonging to 6 F [16] . These states and their corresponding quantum numbers have been collected in Table I.   TABLE I: The classifications of the low-lying P-wave states belonging to 6 F in the L-S coupling scheme. The states in the L-S coupling scheme are denoted by
TABLE II: The classifications of the low-lying P-wave states belonging to 6 F in the j-j coupling scheme. The states in the j-j coupling scheme are denoted by |J P , j .
It should be pointed out that the heavy-quark symmetry as an approximation is commonly adopted for the study of the singly heavy baryons. In the heavy quark effective theory description, the spin of the heavy quark s Q and the total angular momentum of the two light quarks j = L + s ρ are separately conserved [19] . The total angular momentum is given by J = j + s Q . In the heavy-quark symmetry limit, the quark model states may more favor the j-j coupling scheme
The five 1P-wave states belonging to 6 F in the j-j coupling scheme and their corresponding quantum numbers have been collected in Table II . The states of the j-j coupling scheme are linear combinations of the states of the L-S coupling scheme. The precise relationship is [8] ℓ ρ ℓ λ L s ρ j s Q J P = (−1)
The heavy-quark symmetry may tell us that there are configuration mixing between the singly heavy baryon states with the same J P numbers in the L-S coupling scheme. In the heavy quark limit, the mixing angles are determined by Eq.(9).
III. STRONG DECAY
To study the strong decays of the low-lying P-wave bottom baryons, we apply the chiral quark model [20] . In this model, the light pseudoscalar mesons, i.e. π, K and η, are treated as point-like Goldstone boson. This method has been successfully applied to the strong decays of heavy-light mesons, charmed and strange baryons [18, [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] . The nonrelativistic form of the effective quark-pseudoscalar-meson interactions might be described by [18, [21] [22] [23] [24] [25] [26] [27] :
In the above equation, σ j and p j stand for the Pauli spin vector and internal momentum operator for the jth quark of the initial hadron; ω m and q stand for the energy and three momenta of the emitted light meson, respectively; E f and M f are the energy and mass of the final heavy baryon; µ q is a reduced mass given by 1/µ q = 1/m j + 1/m ′ j with m j and m ′ j for the masses of the jth quark in the initial and final hadrons, respectively; and I j is the isospin operator associated with the pseudoscalar mesons, which have been defined in Refs. [22, 25] . It should be mentioned that the nonrelativistic form of quark-pseudoscalarmeson interactions expressed in Eq. (10) is similar to that in Refs. [3, 31, 32] , except that the factors G and h in this work have explicit dependence on the energies of final hadrons.
For a light pseudoscalar meson emission in a strong decay process, the partial decay width can be calculated with [22, 25] 
where M J f z ,J iz corresponds to the strong amplitudes. The quantum numbers J iz and J f z stand for the third components of the total angular momenta of the initial and final heavy baryons, respectively. M i is the mass of the initial heavy baryon. δ as a global parameter accounts for the strength of the quark-meson couplings. It has been determined in our previous study of the strong decays of the charmed baryons and heavy-light mesons [22, 25] . Here, we fix its value the same as that in Refs. [22, 25] , i.e. δ = 0.557. In the calculation, we adopt the same quark model parameter set as that in Refs. [16, 30] . The masses of the wellestablished hadrons used in the calculations are taken from the Particle Data Group (PDG) [33] , and the masses of the undiscovered initial states adopted from the predictions in Ref. [4] . 
IV. RESULTS AND DISCUSSIONS
A. Σ b (6097)
± as the P-wave Σ b states
The measured mass of the Σ b (6097) indicates that it is a good candidate of the λ-mode P-wave excitations. In the L-S coupling scheme, the strong decay properties of the P wave Σ b baryons have been studied in Ref. [16] (see Table. III). From the decay behaviors, it is found that Σ b (6097) favors the J P = 3/2 − |Σ b 2 P 3/2 state or the J P = 5/2 − |Σ b 4 P 5/2 state. Moreover, the possibilities of Σ b (6097) as a candidate of the other 1P wave Σ b states cannot be excluded, because their predicted total widths are close to that of Σ b (6097), and the Λ b π decay mode is allowed.
In the j-j coupling scheme, according to Eq. (9) we can obtain two J P = 1/2 − states as mixed states between | 2 P 1/2 and | 4 P 1/2 :
If let cos φ = 2 3 and sin φ = 1 3 , we get the mixing angle φ ≃ 35
• . The strong decay properties of |J P = 1 2 − , 0 and
− , 1 are calculated within the chiral quark model, our results are presented in Table. III. It is seen that the |J P = Table. III we also list the strong decay properties of the J P = 1/2 − states | 2 P 1/2 and | 4 P 1/2 obtained from the L-S coupling scheme in Ref. [16] . It is found that the decay properties of
− , 1 in the j-j coupling scheme are similar to those of | 2 P 1/2 in the L-S coupling scheme, for the strong decays of
However, the strong decay properties of |J P = It is interesting to note that the Ω c (3000) resonance may be explained as a mixed state |P λ 1 2 − 1 = cos φ| 2 P 1/2 + sin φ| 4 P 1/2 with the mixing angle φ ≃ 24
• [18] , which is close to φ ≃ 35
• determined by the heavy-quark symmetry in the j-j coupling scheme, but not actually equal to that determined by the heavy-quark symmetry. This indicates that on the one hand the heavy-quark symmetry requires the physical states might be mixed states between the states with the same J P in the L-S coupling scheme, on the other hand because the heavy-quark symmetry is only an approximation, the physical mixing angle should be slightly different from that determined within the j-j coupling scheme. Thus, the physical P-wave singly-heavy baryon states might be mixed states between | 2 P J and | 4 P J in the L-S coupling scheme, i.e.,
and the mixing angle φ may range from the value of the L-S coupling scheme (φ = 0 • ) to that of the j-j coupling scheme. Specially, for the P-wave states with J P = 1/2 − the mixing angle φ ∈ (0, 35
• ), while for the P-wave states with J P = 3/2 − the mixing angle φ ∈ (0, 24 • ). According to the mixing scheme defined in Eq. (14) , the strong decay widths of the J P = 1/2 − states in the Σ b family TABLE III: Partial widths (MeV) and branching fractions for the strong decays of the 1P-wave states in the j-j coupling scheme compared with that in the L-S coupling scheme taken form Ref. [16] in the Σ b family. The masses of the P-wave bottom baryons are adopted from the quark model predictions in Ref. [4] . as a function of the mixing angle φ are shown in Fig. 1 . It is found that the mixed state |Σ b P 1 2 − 1 has a width of ∼ 20 − 30 MeV, its decays are dominated by the Σ b π channel, the decay properties are less sensitive to the mixing angle. If the mixing angle is less than the angle φ ≃ 35
• obtained in the heavy quark limit, there is a small decay rate into the Λ b π channel. The other mixed state |Σ b P 1 2 − 2 has a relatively narrower width, which is sensitive to the mixing angle. If we take the same mixing angle φ ≃ 24
• as that of Ω c (3000) [18] , except for the main decay mode Λ b π, the Σ b π may play an obvious role in its strong decays. The decay properties of |Σ b P − , 2 in the j-j coupling scheme, according to Eq. (9) they can relate to the states in the L-S coupling scheme:
If let cos φ = Table. III as well. From the Table. III, it is found that the |J P = − , 2 is predicted to be
which can be tested in future experiments. It should be mentioned that the main decay properties, such as the total decay width and dominant decay modes, of the J P = 3/2 − states |J P = 3 2 − , 1 and |J P = 3 2 − , 2 in the j-j coupling scheme are similar to those of | 4 P 3/2 and | 2 P 3/2 in the L-S coupling scheme, respectively (see Table. IV).
Considering the mixing angle of the physical states with J P = 3/2 − may have some deviations from the j-j couplings, adopting the mixing scheme defined in Eq. (14) we also plot the strong decay width as a function of mixing angle φ in Fig. 1 for a reference. It is shown that when φ varies in 0 ∼ 24
• , the total widths of both |Σ b P For the J P = 5/2 − state, the L-S coupling scheme is equal to the j-j coupling scheme, i.e.,
From Table III , it is seen that both the total decay width and the dominant Λ b π decay mode of |J P = 
If the Σ b (6097) resonance is the J P = 5/2 − state indeed, it should be observed in the Σ * b π channel as well. As a whole, Σ b (6097) seems to favor the j = 2 states with The measured mass of Ξ b (6227) indicates that it is a good candidate of the λ-mode P-wave excitations [4] . Within the L-S coupling scheme, the strong decay behaviors of the P wave Ξ ′ b states have been studied in Ref. [16] . It is found that
state. Moreover, due to the theoretical uncertainties and lack of the branching ratio information, the possibilities of the Ξ b (6227) as other P wave Ξ ′ b states cannot be excluded. In this work, we study the strong decays of the λ-mode Pwave Ξ ′ b state in the j-j coupling scheme, and our results are listed in Table IV .
It is found that the J P = 1/2 − state |J P = is close to that of Ξ b (6227), the decay modes are inconsistent with the observations. For a comparison, in Table. IV we also list the strong decay properties of the J P = 1/2 − states | 2 P 1/2 and | 4 P 1/2 which are calculated within the L-S coupling scheme in Ref. [16] . The predictions show obvious differences between the j-j and L-S coupling schemes (see Table. IV) .
Considering the mixing angle between | 2 P 1/2 and | 4 P 1/2 for the physical states with J P = 1/2 − may have some deviations from the j-j coupling scheme, the strong decay widths |Ξ IV: Partial widths (MeV) and branching fractions for the strong decays of the 1P-wave states in the j-j coupling scheme compared with that in the L-S coupling scheme taken form Ref. [16] in the Ξ ′ b family. The masses of the P-wave bottom baryons are adopted from the quark model predictions in Ref. [4] . and Ξ b π final states, and the partial width ratio between these two channels is predicted to be
This ratio predicted by us is obviously smaller than the 3 P 0 model prediction [14] . Both the decay modes and width of |J P = 3 2 − , 2 are consistent with the observations of Ξ b (6227). It should be mentioned that the strong decay properties of the
− , 1 and
− , 2 in the j-j coupling scheme are similar to those of | 4 P 3/2 and | 2 P 3/2 in the L-S coupling scheme, respectively (see Table. IV).
The mixing angle of the physical states with J P = 3/2 − may lie between the L-S and j-j coupling limit, we show the strong decay widths as a function of mixing angle φ from 0
• ∼ 24 • in Fig. 2 . It can be found that the deviation from the j-j coupling mixing has small influence on the strong decay behaviors, and our conclusions remain. It should mentioned that the recent QCD sum rule analysis also suggested that Ξ b (6227) may be a J P = 3/2 − state [34] . The partial width ratio between Λ b K and Ξ b π is predicted to be
which is slightly smaller than that for |J P = 3 2 − , 2 . The ratio predicted by us is obviously smaller than the 3 P 0 model prediction
.94 in Ref. [14] . As a whole, Ξ ′ b (6227) seems to favor the j = 2 states with J P = 3/2 − or J P = 5/2 − . Our conclusion is also consistent with the calculations of the 3 P 0 model and QCD sum rule [14, 35] . To further understand the nature of Ξ V: Partial widths (MeV) and branching fractions for the strong decays of the 1P-wave states in the j-j coupling scheme compared with that in the L-S coupling scheme taken form Ref. [16] in the Ω b family. The masses of the P-wave bottom baryons are adopted from the quark model predictions in Ref. [4] . − , 2 are predicted to be very narrow states with a width of ∼ 1 − 2 MeV, which might be found in future experiments. The strong decay properties of the 1P-wave Ω b states were also studied in Ref. [15, 34] . Our main results are consistent with the predictions in Ref. [15] . For a comparison, the results calculated from the L-S coupling scheme [16] are also listed in Table. V. It is found that the strong decay properties of |J = The physical states with J P = 1/2 − as mixed states between | 2 P 1/2 and | 4 P 1/2 , the mixing angle may not be the ideal angle φ = 35
• predicted in the heavy quark limit. Taking the mixing scheme as defined in Eq. (14), the strong decay widths of the J P = 1/2 − states as a function of the mixing angle φ are presented in Fig. 3 
V. SUMMARY
In the j-j coupling scheme, the strong decays of the lowlying P-wave singly bottom heavy baryons belonging to 6 F are studied within the chiral quark model. Our results show that the newly observed resonances Σ b (6097) ± can be assigned as the light spin j = 2 states with spin-parity numbers J P = 3/2 − or J P = 5/2 − . If Σ b (6097) corresponds to |J P = family have similar strong decay properties. In order to identify them, angular distributions of their decays in either strong decay modes or radiative transitions should be needed [16] .
Considering the heavy quark symmetry, the J P = 1/2 − Pwave Ω b state |J P = 1 2 − , 0 might be a broad state with a width of ∼ 150 MeV. The two j = 2 states |J P = 3 2 − , 2 and |J P = 5 2 − , 2 are predicted to be very narrow states with a width of ∼ 1 − 2 MeV, which might be found in future experiments. The Ξ b K decay mode for the j = 1 states |J P = 1 2 − , 1 and
− , 1 are forbidden in the heavy quark limit, thus these two states should be very narrow states. To looking for the missing P-wave Ω b states, the Ξ b K decay mode is worth to observing.
